current-voltage relationships in long Purkinje fibers was corrected for cable complications or when experiments were done in short Purkinje fibers. To minimize complications due to membrane rectifier properties, GK was measured using intracellular application of small hyperpolarizing current pulses as Vm was decreased from -90 to -60 mv by increasing the [K]0 from 3 to 15 mM before and after lidocaine. Lidocaine increased the GK over this range of Vm.
INTRODUCTION
The efficacy of lidocaine hydrochloride in the treatment of cardiac ventricular arrhythmias after open heart surgery, myocardial infarction, and digitalis has been established and recently reviewed (1) . Electrophysiologic investigations have shown that in cardiac Purkinje fibers, lidocaine: (a) shortens the action potential duration and decreases the effective refractory period, and (b) exerts an antiautomatic effect by decreasing the slope of slow diastolic depolarization without affecting the maximum diastolic transmembrane voltage (2-4). These observations led Bigger and Mandel to postulate that lidocaine may increase potassium conductance in mammalian cardiac Purkinje fibers (3) . The present experiments were designed to test this hypothesis in sheep Purkinje fibers using microelectrode techniques. The effects of lidocaine in a concentration equivalent to clinical plasma antiarrhythmic levels on the transmembrane voltage and on current-voltage relationships suggest that lidocaine does increase potassium conductance in Purkinje fibers. METHODS Young adult female sheep were anesthetized with sodium pentobarbital (30 mg/kg). The heart was rapidly removed and false tendon (Purkinje fiber) preparations were selected for study. Our standard techniques for stimulating and recording have been previously described (5, 6) . When current-voltage relationships were studied, methods similar to those of Weidmann (7) and Hall, Hutter, and Nobel (8) were employed. Fig. 1 summarizes the experimental arrangement. Long Purkinje fibers were employed which were either unbranched or were of sufficient length to permit impalement with two microelectrodes at a distance of 8-10 mm from any branches. In some experiments, the Purkinje fiber was divided into segments of less than 2 mm by ligation with 6-0 nylon threadso-called "short" Purkinje fibers (9) . A pair of extracellular silver wire electrodes, insulated to the tip, was placed on the surface of the fiber and used for stimulation. A constant current generator' provided rectangular anodal or cathodal pulses, the amplitude and duration of which could be varied. Constant current pulses of 100 msec duration were passed intracellularly through a glass microelectrode filled with either 3 M KCl or 2.5 M potassium citrate. The current was led by a chloride-coated-silver wire placed in the tissue bath to an operational amplifier.2 This amplifier amplified the current a millionfold and kept the bath at virtual ground. The amplified current pulse was displayed on a dual-beam cathode ray oscilloscope.3 Transmembrane voltage was recorded with a second glass microelectrode which was placed within 50-200 IA of the stimulating microelectrode. The transmembrane voltage was amplified by a high input impedance and variable capacity neutralization amplifier4 and displayed on the dual-beam oscilloscope. The oscilloscopic display of transmembrane voltage and current was photographed' and the enlarged images measured.
The Tyrode solution employed contained, in mmoles per liter: NaCl, 137; MgC12, 0.5; NaH2PO2H2O, 1.8; CaCl2, 1.8; Lidocaine hydrocholoride was used in a concentration of 2.14X10-5 M(5 ,ug/ml). In cardiac Purkinje fibers, this concentration both abbreviates the action potential duration and exerts a strong antiautomatic effect by decreasing the slope of slow diastolic depolarization (2) (3) (4) . For the reasons discussed by Bigger and Mandel, this concentration is considered equivalent to clinical antiarrhythmic plasma levels (3) .
The statistical significance of changes before and, after lidocaine was determined by the t test for paired samples (15) . Correlation coefficients and levels of statistical significance were determined by standard methods (15) . RESULTS Effect of lidocaine on the transmembrane voltage characteristics of the Purkinje fiber in a sodium-deficient Tyrode solution at various external potassium concentrations. In our experiments, the mole for mole substitution of choline chloride for sodium chloride produced either no change or a small increase in the resting transmembrane voltage (Vm) similar to that seen in previous investigations (8, 16 In each experiment, multiple impalements were employed to determine the resting Vm before and after the application of lidocaine. Results obtained in 32 different preparations appear in Table I . In Fig. 2 (17) . In the present experiments, the approximation of VK as derived from the experimental observations has been employed in the calculations. The interpretation of our results is unaffected whether one or the other Vm is used in the calculations.
Since a sodium-deficient Tyrode solution was employed and chloride ions are known to play only a minor role in determining the resting ionic current (Ii) of the resting Purkinje fiber (10, 11) , resting Ii can be expressed as: ( 1) where IK is potassium current and gK is membrane chord conductance for potassium ion. Note that under control conditions in increasing divergence is noted between Vm and VE -due to a decrease in the membrane conductance to the outward flow of potassium ions (8, 17) . These results agree well with the radioactive potassium efflux studies of Carmeliet which were conducted over a wide range of [K]0 (10, 11). From Fig. 2 , it is clear that the driving force for the potassium ion (Vm -VK) increases as [K] 0 is progressively lowered below 4.0 mm (18) .
After the application of lidocaine (Table I and (Vm -VK) for the potassium ion. This is seen in Fig.   3 which shows the mean per cent change in resting Vm to be a linear function of (Vm-VK) (r = 0.99, P < 0.01).
As predicted from equation 1, no significant change in the resting Vm was noted after the application of lidocaine (Table I and It is possible to calculate the permeability for the potassium ion (PK) of the resting membrane with the Goldman equation using the change in Vm caused by lidocaine at [K]0 of 2.7 mm or less (19) (20) (21) . These calculations showed clearly that PK increased after the application of lidocaine (Table I) (Fig. 5) . The increase in Vm after the application of lidocaine at [K]0 of 0.5 and 2.0 mm might in itself produce a voltage-dependent increase in membrane conductance (23) . Further experiments, to be discussed below, were designed to determine whether the increase in GM was due to lidocaine or to the increased Vm per se.
The steady-state membrane current-voltage relationship gives an estimate of the slope conductance (GM) rather than the chord conductance (gM) of the resting membrane. The relationship between GM and GK can be described by the following when equation 1 pertains: (3) GM z GK = dIK/dV = gK + (Vm-VK) dV' (5) when I or i. = 0, GK approximates gK. Table II ). The symbols and calculations are as in Figure 7 . The slope conductance (GM) for both depolarizing and hyperpolarizing intracellular currents increased after lidocaine, and since no shift in the resting Vm occurred, crossing-over of the curves (23) was noted at I or i. = 0. For depolarizing currents, the slope became less steep and the curve was shifted to the right. The ratio of membrane conductance at the resting Vm after lidocaine as compared to the control was-1.74. See text for futrher discussion. by a ligature to lengths of less than 2.0 mM. In the short preparation, cable complications are minimized and applied current produces fairly uniform membrane polarization throughout the preparation (9) . In this experimental arrangement, the intracellularly applied current (I) approximates the membrane current density (im) which had to be calculated in experiments on long Purkinje fibers (see equation 2 and the discussion of im above). Fig. 7 shows the current-voltage relationship obtained in a short fiber before and after the application of lidocaine. Resting Vm was unchanged and the polarization resistance of the preparation decreased after lidocaine (Table II) . Over the entire currentvoltage relationship, the slope became less steep and the curve was shifted to the right after lidocaine, i.e., crossing-over (23) of the curves occurred. These changes all indicate an increase in GM (GK). Both GM and gK as determined from tangents constructed to the curves in Fig. 7 were increased. 
where Cm represents the membrane capacitance and GM the membrane slope conductance. Since membrane capacitance is thought to remain constant (24, 25) , it would be anticipated that if lidocaine increased GM, TD should decrease. It is clear from (8, 23, (26) (27) (28) (29) (30) .
Membrane slope conductance (GM) was calculated from small intracellular hyperpolarizing pulses of con- complications, and much less applied current is required to produce a change in the transmembrane voltage (Vm) than in long Purkinje fibers (see Fig. 8 ). After lidocaine, depolarizing currents result in a less steep curve which is shifted to the right, and with no change in the resting Vm, hyperpolarizing pulses result in crossing-over at I = 0. These results indicate that lidocaine increased membrane slope conductance for both depolarizing and hyperpolarizing pulses. At I = 0, i.e., at the resting Vm, the ratio of membrane conductance after lidocaine as compared to the control was 1.56. See text for further discussion. stant amplitude which resulted in small membrane voltage changes (< -7 mv). For the reasons discussed above, GM in sodium-deficient Tyrode is determined primarily by GK; GM measured by small hyper- polarizing pulses approximates resting membrane chord conductance (gK).
In Fig. 8 , GM is plotted as a function of the resting Vm as the Vm was gradually decreased by increasing the [K]o from 3.0 to 15.0 mm. Both the control data and the data after lidocaine showed a good fit (least squares method) for the exponential regression of GM on Vm(P < 0.01). The exponential character of the curve may be accounted for by the exponential relationship between Vm and [K]o (see Fig. 2 ). Clearly, lidocaine produces an increase in GM over the range of V.
studied. The ratio of GMlidocaine/GMcontrol varied between 1.14 and 1.20 which is very similar to the ratios found in both long and short Purkinje fibers as calculated from current-voltage relationships (Table II) (8) (9) (10) (11) (12) (13) (14) 35) . The accepted ratio of resting gNa to gK is 1/19 (9) . The contribution of the sodium ion was further minimized in our study by the use of sodiumdeficient Tyrode in which the external and internal sodium concentrations were essentially the same, thus the effect of a change in gNa on resting Vm must be minimal. In normal saline Tyrode solution, an increased membrane conductance due to an increase in either gNa or gCa would result in depolarization of the resting membrane rather than in the observed hyperpolarization, and would increase rather than decrease the slope of slow diastolic depolarization (36) . It is difficult, therefore, to assign a major role to the sodium, chloride, or calcium ion which in the presence of an increased membrane conductance could account for the effect of lidocaine on slow diastolic depolarization. If the increased GM after lidocaine does result in part from an increased sodium, chloride, or calcium conductance, or if it occurs despite an actual decrease in sodium conductance, the influence of these conductance changes in the range of the pacemaker potential must be masked by a more profound increase in potassium conductance. voltage relationship was found to be similar to the previously described subthreshold intracellularly applied current-voltage relationship (30) . A small inward sodium current remains relatively constant until the threshold voltage (Th) is approached at which time a voltage-dependent increase in sodium conductance occurs resulting in the spontaneous action potential (9, (40) (41) (42) . The-postulated situation after lidocaine is seen in panel B. The increased gK after lidocaine leads to an increased outward potassium current which decreases the slope of slow diastolic depolarization.
Ventricular arrhythmias arise not only from increased automaticity, but from reentry which involves conduction delay, block, summation, and inhibition (43) (44) (45) (46) (47) (48) (49) from altered temporal dispersion (50, 51) , and from boundary currents (46, 52, 53) . Many of the postulated antiarrhythmic actions of lidocaine on reentry and altered temporal dispersion have been discussed in detail recently (1, 3, 4) . The present study further shows that lidocaine, by increasing gK, increases the resting Vm of stretched fibers. This would tend to restore conduction velocity towards normal thus abolishing condi- (56) . Enhanced automaticity due to an increase in slow diastolic depolarization will not only in itself produce cardiac arrhythmias, but may also decrease the membrane activation voltage thus decreasing conductivity.~i n the Purkinje fiber, a situation conducive to the development of reentrant arrhythmias (57) . These phenomena are presumed to underly many arrhythmias encountered clinically; in each, the ability of lidocaine to increase gK would have an antiarrhythmic effect.
